The first cadherins to be discovered are known as the 'classical' or type I cadherins. These include E-, N-and P-cadherin and all promote calcium-dependent cell-cell adhesion via homophilic intercellular interactions (reviewed in Takeichi, 1995). The structure of a classical cadherin is shown (Fig. 1) Cadherins are cell surface proteins that are directly involved in a wide variety of processes such as cell adhesion, cell sorting, cell survival, morphogenesis, formation of intercellular junctions, maintenance of tissue integrity and tumourigenesis. This review discusses the multiple functions of cadherins in reproductive tissues. Furthermore, the role of the intracellular signalling protein β-catenin in regulating cadherin function is reviewed. Finally, the findings that cadherin concentrations in reproductive tissues are responsive to steroid hormones is discussed. The modulation of cadherin expression by hormones is in agreement with the hypothesis that these proteins are dynamically involved in the maintenance of structure and function in reproductive tissues.
Cadherins comprise a rapidly expanding superfamily of cell adhesion molecules (CAMs) (Takeichi, 1995) . The most widely studied cadherins are the classical cadherins, E (epithelial)-, N (neural)-and P (placental)-cadherin. The atypical cadherins, particularly OB (osteoblast)-cadherin, also known as cadherin 11, and K (kidney)-cadherin, also known as cadherin 6, have recently come to the forefront of research in reproductive biology. It is now well established that cadherins are not simply 'biological glues', but generate signals from the cell surface to influence a wide range of cell functions including apoptosis, growth factor receptor activation, tumour development and metastasis (Blaschuk et al., 1995) .
The physiology of reproductive tissues is dependent on the maintenance of appropriate cell-cell contact and threedimensional structure. Therefore, it is not surprising that a variety of cadherins have been identified in the uterus (MacCalman et al., 1997a) , mammary gland (Radice et al., 1997a) , ovary (Farookhi and Blaschuk, 1991) , testes (Byers et al., 1993) and prostate (Paul et al., 1997) . In all of these tissues, CAMs are important regulators of organogenesis as well as being indispensable for the maintenance of tissue integrity in the adult.
Reproductive tissues undergo significant physical transformations in response to hormones. For example, the morphology of the uterus changes markedly in response to hormonal changes with each cycle. Appropriate expression of CAMs is required to maintain overall tissue integrity during menstruation and to ensure correct construction of the new endometrium. In the event of pregnancy, further changes in adhesive properties are necessitated (MacCalman et al., 1997a) . Similarly, the morphology of the ovary is exquisitely sensitive to hormonal stimuli. Regulated cell adhesion is required for the organization of the granulosa cells into the subpopulations necessary for folliculogenesis, the apoptosis of unwanted granulosa cells and the formation of the corpus luteum (Farookhi and Blaschuk, 1991) . In the testis, hormones regulate the formation of the highly ordered system of cellular junctions that form the blood-testis barrier, which is essential for spermatogenesis. In addition, adhesion between the developing germ cells and the Sertoli cells is carefully controlled as the spermatocytes develop (Byers et al., 1993) . Cadherins are implicated in all of these processes.
Cell adhesion is a significant factor in the progression of cancer. Loss of intercellular adhesion is associated with an unfavourable prognosis. Downregulation of cadherin expression and function is a common observation in cancers of reproductive tissues and has important clinical implications as a prognostic marker (Birchmeier, 1995) .
Steroid hormones are well established as important morphoregulators in reproductive tissues. Cadherins expressed in the uterus, ovary, testis and mammary gland have been shown to be responsive to hormonal stimuli, leading to speculation that the mechanism by which steroid hormones exert their diverse morphogenetic actions is, at least in part, via their effects on cadherin expression (Blaschuk et al., 1995) .
Collectively, there is a large body of evidence indicating that dynamic systems of hormone responsive CAMs are present in reproductive tissues. This review discusses the multiple functions of cadherins in these tissues and their regulation by steroids.
cadherin domains), a single transmembrane domain, and two cytoplasmic domains (reviewed in Takeichi, 1995) . The first extracellular domain (designated the EC1 domain) of each classical cadherin harbours the cell adhesion recognition (CAR) sequence, histidine-alanine-valine (HAV) (Blaschuk et al., 1990) . The cytoplasmic domain is the most highly conserved region of the classical cadherins. This domain is associated with intracellular proteins known as α-, β-and γ-catenin (also known as plakoglobin) (reviewed in Kemler, 1993) . The properties of the catenins are discussed in greater detail in subsequent sections.
Atypical cadherins
In addition to the classical cadherins, the cadherin superfamily contains nine other subgroups of membrane glycoproteins (Munro and Blaschuk, 1996a) . All members of these nine groups possess the characteristic 110 amino acid calcium binding repeats that are present in the classical cadherins. Type II, or atypical, cadherins are the most similar to the classical cadherins (Takeichi, 1995), but they do not possess the classical cadherin CAR sequence, HAV, and thus are distinguished from type I cadherins.
Functions of cadherins

Cell-cell adhesion
Classical cadherins promote calcium-dependent homophilic cell-cell adhesion. The binding of calcium ions to conserved acidic amino acid motifs changes the conformation of the protein, and makes the EC1 domain rigid, thus promoting interaction between cadherins on apposing cells (Pertz et al., 1999) . The CAR tripeptide HAV in EC1 mediates this interaction (Blaschuk et al., 1990) . Synthetic peptides containing the CAR sequence in EC1 or antibodies directed against the CAR sequence are capable of inhibiting cadherin-dependent processes (for examples, see Blaschuk et al., 1990; Doherty et al., 1991; Newton et al., 1993; Makrigiannakis et al., 1999) . Classical cadherins cannot promote cell adhesion unless they are complexed with their cytoplasmic partners, the catenins.
Several studies have shown that cadherins are also capable of forming heterophilic complexes with one another under certain circumstances. The adhesive affinity of heterophilic cadherin complexes is lower than that of homophilic cadherin complexes (reviewed in Geiger and Ayalon, 1992). The nonconserved amino acid residues immediately adjacent to the HAV site are thought to be involved in modulating the ability of classical cadherins to interact with one another in a homophilic manner (Nose et al., 1990) .
Establishment and maintenance of intercellular junctions
Classical cadherins are localized to the membrane domains of adherens junctions. β-catenin interacts with the cadherin cytoplasmic domain. α-Catenin binds to β-catenin and links the classical cadherins to the microfilaments of the cytoskeleton, either directly or indirectly through the protein α-actinin to form an adhesion complex (Fig. 1) . In epithelial cells, adhesion complexes are clustered together, forming an adherens junction (Yap et al., 1997) .
γ-Catenin (also known as plakoglobin) is found in desmosomal junctions, where it associates with other members of the cadherin superfamily, the desmogleins and desmocollins. Plakoglobin is also capable of interacting with the cytoplasmic domain of classical cadherins in place of β-catenin (reviewed in Kemler, 1993; Cowin and Burke, 1996) . The α-catenin homologue, vinculin, is also associated with the adhesion complex. Vinculin can bind to and bundle actin filaments and appears to function as a bridging molecule between the cadherins and the actin cytoskeleton. Another member of the catenin family, the tyrosine kinase substrate p120 ctn can interact directly with the cytoplasmic domain of classical cadherins. This protein does not link cadherins to the cytoskeleton, but rather changes in the phosphorylation status of p120 ctn can influence adhesion (Daniel and Reynolds, 1997) . A large number of kinases and phosphatases have been identified that associate with and modulate the activity of the adhesion complex (reviewed in Brady-Kalnay and Tonks, 1995; Daniel and Reynolds, 1997) . In addition to p120 ctn , other major substrates are β-catenin and plakoglobin, but E-and N-cadherin can also be phosphorylated. In general, a decrease in phosphorylation of the cadherin complex is associated with tighter cell adhesion (Brady-Kalnay and Tonks, 1995; Daniel and Reynolds, 1997) .
In addition to regulating the formation of adherens junctions (Gumbiner et al., 1988) , cadherins are also capable of mediating the establishment of other intercellular junctions, such as tight junctions, desmosomes and gap junctions (Jongen et al., 1991; Wheelock and Jensen, 1992; Fujimoto et al., 1997) .
The importance of intercellular junctions for the function of reproductive tissues is exemplified in the seminiferous tubules of the testis. Within this tissue, Sertoli cells extend from the basal lamina to the lumen, forming tight junctions that prevent the passage of molecules from the basal to adluminal compartments of the tubules, thus establishing the blood-testis barrier. Spermatogenesis cannot occur in the absence of tight junctions (reviewed in Byers et al., 1993) . Germ cells move from the basal lamina toward the lumen as they develop and are in constant contact with the Sertoli cell until they are eventually released at the lumen. Adherens and gap junctions are present between Sertoli cells, as well as between Sertoli cells and germ cells, thus establishing a well ordered structure that defines the appropriate microenvironment for each stage of spermatogenesis (for review, see Byers et al., 1993; Griswold, 1995) . Junctional complexes in the testis are crucial for ensuring that the spermatozoa move through an ordered progression of development.
Different collectives of cells within the testis are responsive to signals from each other and also from other locations, such as the pituitary (Griswold, 1995) . The manner in which cells respond to hormones depends on their adhesive interactions with one another (Byers et al., 1993) . Therefore, the cadherins expressed by the cell groupings in the testis both ensure the structural integrity of this organ and influence the function and hormone-responsiveness of the cells themselves.
Seven different cadherins (E-, N-, P-, OB-, K-, T1-and T2-) have been identified in the testis. The expression of N-and T1-cadherins increases after birth, whereas the expression of other cadherins decreases at this time (Munro and Blaschuk, 1996b) . The expression pattern of P-cadherin has implicated it in the establishment of the Sertoli cells and seminiferous cords (Lin and DePhilip, 1996a) . P-cadherin is also expressed later in peritubular cells, coincident with β-catenin expression (Lin and DePhilip, 1996b). However, P-cadherin-deficient mice are fertile (Radice et al., 1997a) . Thus, the role of P-cadherin in the testis remains to be clarified.
Cell sorting
Studies in vitro have demonstrated that cells expressing the same types of cadherin are capable of forming aggregates (Nose et al., 1988; Steinberg and Takeichi, 1994) . Differential cadherin expression promotes cell sorting during folliculogenesis and spermatogenesis. For example, the granulosa cells of maturing follicles sort themselves into subpopulations that express different cadherins during folliculogenesis (R. Farookhi, unpublished). In another example, N-cadherin mediates Sertoli cell-germ cell adhesion and its expression decreases as the germ cells differentiate (Newton et al., 1993; Byers et al., 1994; Munro and Blaschuk, 1996b) . Mature spermatozoa lose N-cadherin from their surface as they separate from the Sertoli cells and enter the lumen of the seminiferous tubules.
Morphogenesis
The ability of similar cells to form aggregates is essential for the establishment of cell collectives in the developing embryo. This sorting process represents the beginning of morphogenesis as these cell collectives proceed to form tissue structures. Classical cadherins are involved in such cell movements from the earliest stages of development. E-cadherin has been shown to mediate the calcium-dependent compaction of mouse blastomeres at the eight-cell stage of embryogenesis (Larue et al., 1994) . N-cadherin is required for the compaction of cells during the morphogenesis of somites, and is necessary for boundary formation and cell sorting during cardiac development (Linask et al., 1997) . Thus, N-cadherin also plays a vital role during tissue formation. Mouse embryos homozygously negative for E-cadherin exhibit preimplantation lethality (Larue et al., 1994; Riethmacher et al., 1995) . N-cadherin null mice also die at an early stage of embryogenesis, showing disrupted neural tube formation and a dissociated myocardium (Radice et al., 1997b) .
The generation of the P-cadherin null mouse revealed an important role for this classical cadherin in the development of the mammary gland. Unlike the E-and N-cadherin null mice, P-cadherin-deficient mice are viable, fertile and able to raise and nurture young (Radice et al., 1997a) . However, the mammary glands of virgin mice display premature differentiation, appearing similar to those of early pregnancy (Radice et al., 1997a) .
Maintenance of tissue integrity
The coordinated expression of different cadherin family members is essential for the maintenance of an ordered tissue. For example, E-, P-and H-cadherin (Daniel et al., 1995; Lee, 1996) , as well as the catenins (Hashizume et al., 1996) are expressed in normal breast tissue. E-cadherin is found in the myoepithelium and luminal epithelium of the mammary gland, whereas P-cadherin is confined to the myoepithelium. Disruption of E-or P-cadherin-mediated cell adhesion with function blocking antibodies reveals that these proteins are involved in the maintenance of mammary gland integrity. The abnormal development of the mammary gland in P-cadherinnull mice also supports this model (Radice et al., 1997a) . The basal cells of a healthy prostate express E-and P-cadherin, as well as α-and β-catenin (Paul et al., 1997) . E-cadherin is expressed strongly in areas of cell contact in prostate secretory epithelial cells. The importance of cadherin expression to the maintenance of structure in these tissues becomes particularly apparent in the study of tumour development, in which cadherins are frequently found to be reduced or absent (see below).
The hormone-induced tissue transformations that occur in the ovary and uterus present challenges for the maintenance of normal tissue integrity and will be discussed in more detail. As might be expected, cadherin expression patterns are tightly controlled in these tissues during the menstrual cycle and in the event of pregnancy.
E-, N-, OB-and K-cadherin have been observed to exhibit spatio-temporal changes in expression in the ovary (KhanDawood et al., 1996; Ryan et al., 1996; MacCalman et al., 1997a) . The ovarian surface epithelium (OSE) expresses E-cadherin, although this expression appears to be limited to more cuboidal and columnar cells and is absent from the flat OSE (MainesBandiera and Auersperg, 1997). The OSE surrounding a mature follicle undergoes substantial destruction of intercellular junctions at ovulation followed by a rapid cell proliferation to heal the rupture.
The cells within the follicles undergo several stages of cell division, movement and tissue restructuring, including the formation and destruction of intercellular junctions as they mature. The granulosa cells comprising the follicle are spatially arranged within subpopulations that respond to stimuli in an organized manner during folliculogenesis. It is believed that the responses of these cells are dependent upon positional information imparted by their interactions with other cell types. In this model, differential cell adhesion within the follicle provides spatial identity cues to the cells, thus regulating folliculogenesis (Farookhi and Blaschuk, 1991) . The spatio-temporal expression patterns of cadherins in the ovary indicate that these CAMs may provide this positional information. K-and N-cadherin are highly expressed in freshly isolated human granulosa cells (MacCalman et al., 1997a; Makrigiannakis et al., 1999) . This expression decreases in luteinized granulosa cells and is replaced by OB-cadherin (MacCalman et al., 1997a) . The upregulation of OB-cadherin during luteinization indicates an important role for this CAM in the formation of the corpus luteum. E-cadherin and catenins have also been observed in human and baboon corpora lutea, in which there appear to be functional adherens junctions (Khan-Dawood et al., 1996 , 1999 .
Classical and atypical cadherins have been identified in the endometrium and in the myometrium. In the endometrium, E-and P-cadherin are primarily expressed in the luminal and glandular epithelial cells and are not found in the stroma (Tabibzadeh et al., 1995; van der Linden et al., 1995) . E-and P-cadherin are expressed in all phases of the menstrual cycle (van der Linden et al., 1995) , although the intracellular localization of E-cadherin changes as the cycle progresses. Before menstruation E-cadherin, α-, and β-catenin are localized to intercellular borders and the luminal and basal regions of the glandular epithelium. This specific expression at cell adhesion sites is lost during menstruation, concomitant with a general disorganization of the epithelial cells, indicating that a breakdown in cadherin adhesion is part of the process of menstruation (Tabibzadeh et al., 1995) . E-and N-cadherins are also found in the myometrium, with the latter being more strongly expressed. Classical cadherin concentrations are not perturbed by hormonal changes during the cycle in this tissue (Taylor et al., 1996) .
The expression of K-and OB-cadherin in the uterus is tightly regulated during the menstrual cycle. K-cadherin is highly expressed in both the glandular epithelium and stroma during the follicular phase, during which the endometrium is undergoing oestrogen-induced regeneration (Getsios et al., 1998) . After ovulation, K-cadherin expression is observed to decrease (Getsios et al., 1998) . In the stromal cells, the expression of OB-cadherin appears to be inversely linked to K-cadherin concentrations, and its upregulation in the luteal phase is accompanied by a decrease in K-cadherin (Getsios et al., 1998) . In contrast, the expression of OB-cadherin in the glandular epithelium remains unchanged during the cycle.
Implantation
The process of blastocyst implantation requires several coordinated changes in interactions between the cells of the blastocyst and the endometrium. Initially, trophoblasts attach to the surface epithelium of the endometrium. E-cadherin has been identified in some trophoblast populations and is believed to mediate homophilic interactions between cytotrophoblasts (Coutifaris et al., 1991) . The presence of E-cadherin on both the trophoblasts and endometrial epithelium indicates that this adhesion molecule may be involved in the initial attachment of the embryo. The epithelial and stromal cells of the endometrium are primed by progesterone to be receptive to implantation for only a narrow window of time. In this context, it may be significant that progesterone upregulates E-cadherin concentrations in the uterus (MacCalman et al., 1994) .
As the trophoblasts proliferate, differentiate and invade the stroma, they downregulate E-cadherin and increase OB-cadherin (MacCalman et al., 1996) . The expression of OB-cadherin in the endometrial epithelium indicates that this CAM mediates later trophoblast-endometrium interactions. P-cadherin is believed to be involved in trophoblast-endometrium interactions in mice (Kadokawa et al., 1989) , but is not present in human trophoblasts (Shimoyama et al., 1989) . In addition, the uterus is unaffected in P-cadherin-null mice (Radice et al., 1997a) . Therefore, the precise function of P-cadherin in the uterus remains to be defined.
The trophoblast develops into the chorionic villi comprising the inner mitotically active cytotrophoblasts and an outer fused and differentiated syncitium. As pregnancy proceeds, some cytotrophoblasts invade deeply into the decidua and myometrium. This population of cytotrophoblasts expresses N-and K-cadherin and it is likely that they interact with N-cadherinexpressing myometrial cells (MacCalman et al., 1997a) .
Tumour and invasion suppressors
Several lines of evidence have shown that E-cadherin has a role in the maintenance of the differentiated epithelial cell state. For example, antibodies disrupting the adhesive function of Ecadherin are capable of altering the morphology and increasing the invasive capacities of cells (Behrens et al., 1989; Chen and Öbrink, 1991) . Carcinoma cell lines with a fibroblast-like morphology do not express E-cadherin and tend to be invasive. Transfection of such cells with cDNA encoding E-cadherin causes these cells to become non-invasive (Frixen et al., 1991; Vleminckx et al., 1991) . These observations indicate that the loss of E-cadherin-mediated cell adhesion may initiate a series of events culminating in the transformation of stationary epithelial cells into migratory and invasive fibroblast-like cells.
The development of a malignant tumour involves such a sequence of events. Numerous studies have shown that cadherin dysfunction or loss promotes tumourigenesis (reviewed in Blaschuk et al., 1995; Yap, 1998) . The common observation of somatic mutations in the E-cadherin gene in cancerous cells led to the hypothesis that E-cadherin is a tumour suppressor (Birchmeier, 1995) .
The results of numerous studies of reproductive tissue cancers support the hypothesis that E-cadherin is an important suppressor of tumour progression and metastasis. In addition, evidence has been presented for the role of other cadherinfamily members in cancer progression. Mutations of the genes encoding both E-cadherin and β-catenin have been identified in endometrial carcinomas (Fukuchi et al., 1998; Risinger et al., 1994) . Concentrations of mRNAs encoding E-cadherin, α-catenin and β-catenin decrease as these tumours become less differentiated and more metastatic.
E-, P-and H-cadherins are expressed in healthy mammary glands (Daniel et al., 1995; Lee, 1996) . These cadherins and the catenins are frequently found to be reduced or absent in breast cancer (for example, see Rasbridge et al., 1993; Berx et al., 1995) . Downregulation of cadherin function in breast tumours is correlated with poorly differentiated tumours, increased invasive capacity, increased metastasis and poor prognosis. The mechanism of functional downregulation may include mutation or hypermethylation of the cadherin gene, transcriptional defects or dysfunction of other components of the adherens junction. P-cadherin-deficient mice are subject to increased hyperplasia and dysplasia of the mammary epithelium with age, further indicating that this cadherin is an important negative regulator of mammary gland growth (Radice et al., 1997a) .
The relationship between cadherin expression and cancer invasiveness has been studied in detail in breast cancer cell lines and results indicate that more invasive cancer cells express less E-cadherin (Sommers et al., 1991) . In addition, it appears that OB-cadherin is upregulated in cancer cells as they progress towards a more invasive, fibroblast-like phenotype (Pishivaian et al., 1999) . N-cadherin has also been observed in the most invasive cells (Hazan et al., 1997) . Collectively, these results led to the overall hypothesis that the losses of E-, P-and H-cadherin are markers of the initiation of breast cancer. However, a highly aggressive and metastasizing tumour will be marked by the upregulation of OB-and N-cadherin. These two cadherins may facilitate metastasis by enabling the cancer cells to interact with stromal and endothelial cells.
The OSE is a common site of origin for ovarian cancer. High E-cadherin expression is observed in OSE-lined inclusion cysts, which are believed to be the sites of the earliest cancerous changes (Maines-Bandiera and Auersperg, 1997). As observed for other tissues, analysis of cell lines or tumours derived from human OSE demonstrates a relationship between tumourigenicity and cadherin expression and function. The expression of E-cadherin decreases as the cells become more metastatic and the most invasive cells express solely N-cadherin.
Cancer of the prostate is very common and displays a wide variety of clinical outcomes. Therefore, it is important that prognostic markers are developed to distinguish between different forms of this disease. E-cadherin loss in prostate cancer is strongly correlated with an increased invasive potential and poor prognosis (for example, see Umbas et al., 1994) . Loss of P-cadherin is also an early event in the tumourigenesis of prostate cancers (Paul et al., 1997) . Loss of cadherin function may occur by gene mutation, promoter hypermethylation or dysfunction of other components of the adhesion complex. α-Catenin downregulation has been observed in prostate tumour biopsies that had lost E-cadherin (Murant et al., 1997) , and mutations in the β-catenin gene have also been identified in prostate cancer tissue. These data indicate that cadherins and catenins are important regulators of the differentiated state of the prostate and can be used as valuable prognostic markers in prostate cancer.
Inhibitors of apoptosis
Classical cadherins are capable of inhibiting apoptosis. A dominant negative N-cadherin mutant introduced into the cells of mouse intestinal epithelium causes loss of cell-cell contact and an increase in apoptosis (Hermiston and Gordon, 1995), whereas forced expression of E-cadherin in this system inhibits apoptosis (Hermiston et al., 1996) . N-cadherin-mediated contact has been shown to inhibit the apoptosis of rat and human granulosa cells and OSE cells. Interfering with N-cadherin adhesion using HAV-containing peptides or antibodies leads to granulosa cell apoptosis (Peluso et al., 1996; Makrigiannakis et al., 1999) . The mechanism by which N-cadherin binding prevents apoptosis is likely to involve tyrosine phosphorylation of the fibroblast growth factor receptor (Trolice et al., 1997) .
Catenins as transcription factors
In addition to its role in cadherin-mediated cell-cell adhesion, β-catenin is found independent of cadherins within the cytoplasm and nucleus of the cell. This pool of free β-catenin is the key effector of the Wnt/wingless signalling pathway that regulates cell fate during development (reviewed in Bullions and Levine, 1998; Polakis, 1999;  Fig. 2 ). β-Catenin translocates from the cytoplasm to the nucleus in response to signalling initiated by the extracellular protein Wnt. In the nucleus, β-catenin binds to members of the T-cell factor (TCF)-lymphoid enhancer factor (LEF) family of architectural transcription factors and regulates gene expression. The amount of free cytoplasmic β-catenin is regulated by its phosphorylation status. The phosphorylation of β-catenin occurs within a multiprotein complex composed of glycogen synthase kinase 3β (GSK-3β), adenomatous polyposis coli (APC) and axin. In the absence of Wnt, GSK-3β phosphorylates β-catenin, leading to its ubiquitination and subsequent destruction. The ability of GSK-3β to phosphorylate β-catenin is believed to be regulated by APC and axin. The Wnt signal leads indirectly to inhibition of GSK-3β and increased amounts of free β-catenin.
Many components of this signalling pathway play important roles in embryogenesis and the maintenance of the differentiated cell state. Mutations in APC or β-catenin that lead to the accumulation of unphosphorylated β-catenin have been detected in tumours, identifying β-catenin as an oncogene. Target genes for the β-catenin-LEF complex include the oncogene c-MYC (He et al., 1998) and the cell cycle regulator cyclin D1 (Tetsu and McCormick, 1999) . The dual role of β-catenin has important consequences for the maintenance of cellular homeostasis. Changes in cadherin expression not only influence cell adhesion but also alter the amount of free β-catenin which, in turn, influences gene expression.
Regulation of cadherin expression by steroid hormones
Several studies have shown that the cadherins expressed by reproductive tissues are responsive to hormonal stimulus. Progesterone has been shown to induce E-cadherin in mouse uterine epithelium (MacCalman et al., 1994) and to modulate the amounts of OB-cadherin, K-cadherin and β-catenin in isolated endometrial stromal cells (Getsios et al., 1998; Chen et al., 1999) . Oestrogen induces E-cadherin in the uterus, as well as in OSE, and upregulates expression of N-cadherin in mouse testis and rat granulosa cells (reviewed in Blaschuk et al., 1995) . In this context, it may be significant that the oestrogen receptor α-deficient mouse has disrupted spermatogenesis (Eddy et al., 1996) . The oestrogen signalling pathway has been shown to modulate N-cadherin in pituitary somatolactotrophs (Heinrich et al., 1999) . A combination of FSH and testosterone modulates Ncadherin-mediated binding of round spermatids to Sertoli cells (Perryman et al., 1996) . Isolated Sertoli cells upregulate N-cadherin in response to FSH and to oestrogen in the presence of FSH (MacCalman et al., 1997b) . In addition, the ability of granulosa cells to express luteinizing hormone receptors after stimulation by FSH is dependent on cadherin-mediated adhesion (Harandian and Farookhi, 1998) .
These examples further emphasize the roles of cadherins in regulating the structure and function of reproductive tissues. Steroid hormones exert powerful morphological changes that often involve significant changes in tissue structure and cell-cell contacts. As hormone-responsive CAMs, cadherins perform important tasks in controlling the coordination of these morphological changes in reproductive tissues. (Dsh), which inhibits the activity of glycogen synthase kinase 3β (GSK-3β). In the absence of this inhibition, GSK-3β phosphorylates β-catenin (β) leading to ubiquitination (Ub) of β-catenin and its subsequent destruction. Inhibition of ubiquitination by this pathway allows β-catenin to translocate to the nucleus, where it binds to members of the T-cell factor-lymphoid enhancer factor family of architectural transcription factors (LEF) and regulates gene expression. The proteins adenomatous polyposis coli (APC) and conductin-axin (axin) also associate with GSK-3β and β-catenin and regulate the activity of the complex. P represents the phosphorylated state of β-catenin.
Conclusions
Observations indicate that the cadherins are potent regulators of morphogenesis and tumourigenesis. In addition, there is evidence that these CAMs are responsible for maintaining the structural integrity and function of reproductive tissues. The cadherins influence biological processes via the catenins, which act as intracellular messengers, transmitting signals from the plasma membrane to the nucleus, thereby influencing gene transcription. Steroids are likely to exert their morphogenetic actions by virtue of their ability to regulate cadherin concentrations in reproductive tissues.
Future directions
The study of cadherin regulation and function in reproductive tissues is in its infancy. In particular, the ability of oestrogens to regulate testicular cadherin concentrations is a novel observation. The implications of this finding on spermatogenesis have yet to be appreciated fully. The role of oestrogens in spermatogenesis has been the subject of much debate. The unexpected observation that oestrogens regulate testicular N-cadherin indicates that these steroids do play a pivotal role in regulating spermatogenesis. More detailed molecular studies of the ability of oestrogens and anti-oestrogens to regulate testicular N-cadherin concentrations and spermatogenesis are needed to clarify this issue. It will also be of interest to assess the effects of oestrogenic xenobiotics on cadherin concentrations in reproductive tissues.
Analysis of the effects of cell adhesion on gene expression will be an area of intense investigation in the coming years. As yet, only a few genes regulated by cadherin-mediated cell adhesion have been identified. Genes that are either activated or repressed by cadherin-mediated cell adhesion need to be identified to gain a more detailed understanding of the biological consequences of adhesion.
Another key area for future investigation is the identification of the intracellular pathways that regulate normal and cancer cell apoptosis. Loss of E-cadherin-dependent cell adhesion causes normal epithelial cells to undergo apoptosis. In contrast, poorly differentiated cancer cells that have lost E-cadherin expression do not die. An understanding of the molecular mechanisms involved in protecting cancer cells from apoptosis should facilitate the design of drugs to stimulate their death.
Finally, a detailed analysis of the cadherins involved in the processes of embryonic implantation and the formation of the placenta could lead to the development of new contraceptive approaches based on drugs that disrupt cadherinmediated cell adhesion. 
